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SECTION 1

INTRODUCTI1ON

Micromechanical processes leading to small mass shifts are very
important to the designer of inertial instruments. These mass shifts
are associated with dimensional changes that different parts of the
instrument experience during different modes of operation and
assembly. The most common causes of dimensional instability in
structural materials usually are phase transformation, relief of
residual stresses, and microplastic deformation from applied stresses.
Although effects related to phase transformations and residual stresses
can generally be controlled effectively through proper alloy and process
selection procedures, those related to applied stresses are more
difficult to control because some minimum stresses are in fact needed
for proper functioning of the inertial instruments.

As greater demands are made on the accuracy of measuring devices,
microplastic strains on the order of 10"6 and 10_7 become significant
sources of instrument error. Strains of this order of magnitude have
been found to occur at relatively low stresses in moderate strength
engineering materials under the action of essential assembly operations
such as shrink fit, bolt tension, or rotational stress. Since it is not
possible to reduce these assembly stresses below a reasonable limit, it
becomes desirable to predict the plastic microstrain and compensate for
the resulting errors. For evaluation purposes, the designer frequently
uses the microyield strength of the material as a guideline in assessing
its short-term and long-term performance inside the device of
interest. A microyield strength measurement typically consists of a
series of short-term load-unload cycles, increasing in stress level.
During this period the total accumulated residual plastic strain is

recorded for each incrementally higher level of applied stress.

'




Conventionally, that level of applied stress which is required to result
in one residual microstrain (= 1070 strain) is referred to as the
“icroyield strength of the material (),

While the significance of the microyield strength of the material
in terms of short-term strain effects is seemingly apparent, its role in
defining long-term performance is not as clear. Long-term processes of
microcreep (creep at the 1076 level) may or may not be directly, or even
indirectly, related to the microyield strength value. 1In fact, recent
observations elsewhere (2) indicate that microcreep will occur at stress
levels which are only a small fraction of the microyield strength value.
However, in lieu of available, reliable, microcreep data on the
materials of interest (because of the very long time intervals and much
sophisticated instrumentation that are required to collect it), device
designers have acted on the premise that a higher microyield strength
material will also be more resistant to long~term effects of
microcreep. Such a relationship between microyield and microcreep, if
it exists, would be also of great interest to the materials engineer,
principally because, by performing short-term microyielding experiments,
one could conceivably predict long-term microcreep behavior. This would
permit a much quicker evaluation of the materials of interest. A major
area of emphasis in this activity until now has been the experimental
determination of microyield properties of HIP-50 (hot isostatically
pressed) beryllium. By performing these experiments we have obtained
considerably more insight than previously existed into the significance
of microyield data and its interpretation. This increased understanding
is expected to permit the development of a closer correlation between
the processes of microyield and microcreep than would otherwise have

been possib.e.
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SECTION 2

OBJECTIVES

The principal objectives of this program have been as follows:

(1)

(2)

(3}

To survey the literature on microplastic properties of
materials and summarize the data for use in modelling
instrument performance and design analysis. (This

information was contained in reference (3).)

To study the microplastic behavior of HIP beryllium and

the relationship to microstructure.

To predict microdeformation behavior of typical instrument
components using finite element analysis techniques and

experimentally determined microcreep data.




SECTION 3

PREVIOUS WORK

Work accomplished during the first two years of this effort is

described in detail in references (3) and (4). A brief summary is

presented below.

(1)

(2)

(3)

(4)

(5)

(6)

Hot isostatically pressed beryllium was purchased from
Kawecki Berylco Industries. (HIP-50 is their

designation.)

A procedure was established for preparing tensile
specimens for microyield strength tests and for applying

strain gages for measuring microstrain.

Methods for measuring misalignment in loading were
investigated and a load train was modified to provide a

reasonable precision of alignment.

Microyield strength measurements were performed with
strict temperature control on as-pressed and 1080°F, 100

hours heat-treated HIP-50 samples.

An initial microstructure examination was made of the as-
pressed HIP-50 material by R. Polvani of the National
Bureau of Standards using transmission electron

microscopy.

Modeling studies were performed on a typical gyro
component and on a disc-shaped specimen for biaxial
loading. Deflection, resulting from microcreep processes,

was calculated for these instances.

. LVED
| KECEDING PAGE BLANK-NOT H




SECTION 4

PRESENT WORK

Most of this past year's activity has been concerned with
collection of additional microyield strength data, microstructure exami-
nation of selected samples at different conditions of heat treatment
using both optical and transmission electron mgcroscopy, and further
extension of microcreep modeling efforts on structural components.

These activities will be discussed separately in greater detail.

4.1 Heat Treatment of Samples

Two of the heat treatments used for HIP S50 involved temperatures
of 870°C and 1055°C. Ordinarily, beryllium is heat treated in a
protective atmosphere to prevent oxidation. However, above 850°C the
vapor pressure of beryllium becomes sufficiently high to cause concern
about furnace contamination. In order to contain any vaporized
beryllium both heat treatments were performed with the specimen blanks
sealed in stainless steel containers. The containers were made from
seamless tubing with welded end caps. In use, the loaded container was
evacuated and back-filled with a partial pressure of inert gas through
an evacuation tube in the end cap, after which the tube was crimped and
welded shut. The 870°C heat treatment was performed in a tube furnace
with argon at atmospheric pressure, while the 1055°C heat treatment was

done in a vacuum furnace with 200 micron partial pressure of argon.

4.2 Results of Microyield Strength Measurements

The apparatus used for conducting the microyield stress tests is

shown in Figure 1, which depicts the instrumented specimen and load
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train mounted in an Instron tensile machine. The load train wag
carefully installed in the testing machine to avoid any effects of
friction or bending. With the lonad train design shown in Figqure 2, the
typical precision of alignment was 3 x 1074, This corresponded to an
extreme fiber bending stress of 1.3 klb/ln2 at 5.0 klb/in2 average
stress. While this was considered only moderately good alignment, the
experiments were continued because any further improvement in alignment
would have necessitated a major, redesign of the aligning fixture.
Resistance strain gages were used to measure the level of strain induced
in the material. More details on the apparatus and the measuring

equipment can be obtained from Reference (4).

Before starting a test, the specimen and instrumentation were set
up and the instruments allowed to run ovérnight to establish temperature
equilibrium. The specimen was then loaded to a low stress, approxi-
mately 2 klb/inz, and unloaded and reloaded several times to determine
the repeatability of the unstrained zero reading. After this initial
evaluation, the run was performed with the specimen being loaded and
unloaded to increasing values of the applied stress, and the values of
loaded and unloaded strain recorded. Strain rate was
0.008 inch/inch/minute for both loading and unloading. Load was
maintained for 30 seconds. When the specimen was in the fully unloaded
state, the crosshead in the load train was moved at high speed to
establish 0.030~inch clearance between the pin and the lower pull rod.
After a 1-minute interval, the unloaded strain data were printed out and
the specimen was reloaded. In conventional manner the recorded data
were plotted, with the applied stress on the vertical axis and the
measured residual strain on the horizontal axis of a linear graph
paper. Curves, similar to those shown earlier in Reference (4), were
generated in each instance. The value of the applied stress
corresponding to a residual strain of 1 x 1076 on this curve constituted
the microyield strength of the material, by definition. The different
microyield values measured this way for the differently heat-treated
samples are listed in Table I. These particular thermal treatments

(which are also shown in Table 1) were the result of recommendations
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Table I, Microyield strength values in k1b/in? for differently

heat-treated HIP-50 material at 27°C.

As-HIP Heat Treatments

HT1 HT2 HT3

17.2 26.5 17.5 21.0

HT1: HIP + 600°C, 100 h
HT2: HIP + 1055°C, 2 h solutionize, quench + 370eC, 24 h, furnace cool
HT3: HIP + 870°C, 2 h + slow cool and step age (750°C,

20 h + 720°C, 20 h + 695°C, 20 h, furnace cool)

from an earlier, reasonably extensive study of the strengthening

processes in beryllium '>).

4.3 Discussions of Microyield Strength Measurements

The selection of the value of the applied stress that corresponds
to 10°6 strain, as the designated microyield strength of the materaial,

(l). One could as well define similar microyield

is totally arbitrary
values at 1072, 1077, 1078, or at any other level of preassigned value
of residual strain. Much, of course, is dependent on the level and
accuracy of the measuring apparatus available to the investigator, To
gain further insight into the significance of microyield and its
measurement, we decided to replot the microyield data on a log-log graph

(1 it has been shown that in some cases, a straight

paper. Elsewhere,
line fit can be made to the data by following such a procedure. In such
instances the stress-strain relationship (in the realm of low residual

strain levels) can be empirically expressed as

n .
¢ = A€ (for ¢« " € v g ")
or

log 0 = n log ¢ + log A

11
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where g = applied stress

= residual strain

o,
Ll

assiared valaes 3F s5%riin in the low strain
MESES Bt
n = strain exponent

A = proportxonalxty constant

(The value of n, the strain exponent, which corresponds to the slope on
the log-log plot, is believed to be indicative of the strain hardening
processes in the material. It should be noted that the lowest value
that z' can physically assume 1s zero. This case, however, corresponds
to the situation where even the minimum application of load results 1in a
finite, albeit small, residual plasvic deformation.)

The curves obtained by replotting the microyield data for the
Jifferent samples on logarithmic coordinates are shown .n Figure 3. All
of the curves appeared guite linear in the low strain regime (less than
about 5 x 10-5 strain) and some showed Jdepartures from linearity at the
Wigher strain levels. What was clearly evident, by plotting the Jdata in
this manner, was that the value of the empirically define? strain
exponent was strongly affected by some of the heat treatments that were
employed, The observed differences 1n the slopes of the various plots
1l1lustrates the limired utility of *he cnnventionally defined microyield
strength 1in determining long-term microcreep effects. Depending on the
level of residual strain that 1s selected (in our arbitrary assi« .ment)
for designating the corresponding applied stress value as the microyield
strength, a sprecific thermal treatment for a material could he
(improperly) construed as being most beneficial from a performance point
of view. wWhereas for strain levels of 10°® and less, a higher
microyield value 1s indicated for the HIP-50 material after a 1055°¢C, 2-
hour quick-cool plus 370°C, 24-hour thermal aging treatment (compared to
the as-HIPed condition), this situation is reversed if strain levels of
about 10°° are considered., A similar situation 18 also 1ndicated for
rurves (~) and (4) 1n Figure 3 with the crnss-nver possibly occurring 1in
this case at values clnge to about 10”7 resi1dual strain. The data

clearly show that 1f a correlation 13 souaht between the behaviors of

12
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microyield and microcreep, it is essential to somehow factor the slope,
obtained in the low strain region of microyield data (plotted on
; logarithmic coordinates), into such a correlation. The arbitrarily
selected applied stress value corresponding to 077 strain 1s not, in
itself, a sufficient measure of the quality of the material that results

from the several selected thermal treatments.

The value of the empirically defined strain exponent did not

change appreciably with the 600°C, 100-hour heat treatment of the as-

received HIP-50 material. A substantial amount of strengthening,

however, did result from this heat treatment over the as-received

condition (which was evident in the higher applied stress values plotted

in Figqure 3 for equivalent amounts of residual strain). These

observations were rationalized as being related to increased

strengthening resulting from possible additional precipitation processes

in the material which did not alter the nature of the strain hardening
mechanisms. The observations made on the 600°C, 100-hour heat-treated
sample, however, contrasted significantly with those made on the other
two samples which were heat treated differently. In these latter two
samples, clear differences were observed for the values of the strain
exponent (as indicated by the different slopes). Heat treatment of both
of these samples involved initial thermal exposure to temperatures
considerably higher than 600°C, and this is suspected to have
significantly altered the microstructure of these materials. Changes

induced as a result of these treatments must, therefore, have been

responsible for the changes in slopes that were observed.

A more correct interpretation of material response to applied
stresses, as state earlier, in the low strain regime, requires due
consideration of the strain exponent in addition to the calculated
intercept of this straight line with the vertical axis at a given, very

low value of residual strain, such as 10-10 (V). (A strain of 107'°

implies a permanent uni~axial displacement of ten angstroms for a sample

13
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10 meters long. This low value may be considered as reflecting

negligible deformation.) The measured values of the slopes and the .

calculated 10710 microvield values for the several heat treated samples

are shown in Table II1.

Table II. Measured values of slope n and calculated values of

microyield strength at a strain level of

- -1
10-10, 5 (10”19,

Heat Treatment
Co -10 . 2
Condition o (10 ), K 1b/in. n
As—-HIP 1.3 0.28
HT1 1.9 0.28 !
HT3 0.9 0.34 '

An extension of this reasoning suggests that this calculated
intercept can possibly be considered as indicative of a minimum
threshold stress which is needed for initiating short-term plastic

“10y in the HIP S0

deformation, to an extent somewhat recognizable (10
material. Of course, the validity of such a calculated value depends

upon the assumption that the linear relationship observed in the 1076

strain reqgime remains unchanged for even lower strain values (at least j
down to 10710 strain). That different threshold values of the stress t
exist for each of the samples examined was suggested in the

nonconverging nature of the straight lines as they approach

progressively lower strain levels. According to this analysis, when the

threshold value of stress is exceeded, plastic deformation occurs (which

shows up as a minimum residual strain). Further short-term material ;

response to applied stresses is thereafter controlled by a combination

of yielding and strain hardening mechanisms.

15
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4.4 Results of Microstructure Investigations

The nicrostructures of the HIP-50 materials after various heat
treatments were examined using both optical and transmission electron
microscopy. These studies were performed on extra samples of HIP-50
materials that were enclosed in the steel cans along with the microyield
specimens prior to the high temperature treatments discussed in an

earlier section.

4.4.1 Optical Microscopy

Samples representative of the different heat treatment conditions
were removed from the heat treated materials using a low speed diamond
saw. The samples were then mounted in a resin-containing clear-cast
material. Because the rate of wear for the clear-cast material was
expected to be higher than that of beryllium, this clear-cast material
was reinforced with fine A1203 powder to avoid uneven wear of the sample
surface during polishing. The samples were then polished using standard
procedures with diamond pastes containing progressively finer sizes of
diamond particles, but the final polishing operation was performed with
0.05-micron size Al,0, particles dispersed in water. When these samples
were examined, using differential phase contrast (Nomarski) microscopy,
evidence of twinning (possibly resulting from stress—-relief at the
polished surface) was observed in some of these. Figure 4 is
representative of what was observed. All of the optical observations
were made either on a Zeiss Universal microscope or on an American

Optical metallographe

Following the suggestions of G. London of the Naval Air
Development Center, these samples were prepared again using extreme
caution to aveoid introducing surface damage into the material as a
result of the handling procedure that was adopted. The as-cut surface

(following sectioning on the diamond saw) was mechanically abraded

16
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Figurc 4. Nomarski view of as-polished HT-1 sample.
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(polished) and then subjected to chemical dissolution of the surface
regions in KBI etching solution.* This process resulted in dissolution
of roughly 0.007 inches of material from the sample surface. At this
noint it was relt that the outer damaged layers must have been removed
and the samples were again mounted in the A1203 particle-reinforced
resin-containing cast material. The samples were again polished with
the several grades of diamord pastes but this time care was taken to
apply minimum pressure during the several polishing stages. Following
this polishing sequence the samples were again examined on the
metallographs. This time, twinning associated with stress relief at the
surface was not observed, clearly supporting the view that the earlier

observed effects were mainly mechanically induced artifacts.

Because no good etchant is available for beryllium, the samples
were examined using Nomarski and polarized light techniques. The
micrographs observed in these two cases for the several samples are
shown in Figures 5 and 6. It was noted that no marked differences "
existed in the polarized light micrographs which could provide insight
into the changes in microstructure. However, differences were indicated
to some extent in the Nomarski observations. The micrographs in Figure
5 suggest that there were differences in the wear-rates between the
grain boundary regions and the grain interior in the samples solution
treated at 1055°C and aged for 16 hours at 370°C, This sample also
showed a low 10'6 strain microyield strength and the lowest value of the
strain exponent. Relative differences in the other three samples were

not as prominent even though it appeared that the sample aged for 1

* Beryllium etching solution developed by Kawecki-Berylco Corp. KBI
etch consists of:

500 ml H2504

+500 ml Phosphoric Acid

+750 gms Chromic Acid

+3 liters water.

(Use at 50°C)

IR
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100 hours at 600°C, which had earlier shown the highest microyield
strength, wore away more uniformly {(at the grain interiors and at the
arain teundaries) “han did rhe otheor two samnles,  This, however, ~cold
not be deduced from the micrographs with a great degree of confidence.
None of the features observed at the surface could be confidently
related to effects such as precipitate formation or to the presence of
non-metallic inclusions, such as beryllium oxide. It was hoped that the
electron microscopy technique would provide more insight into the

processes that had occurred from the heat treatments that were employed.

4.4.2 Transmission Electron Microscopy

Heat-treated samples were carefully machined on a lathe into a
cylinder of about 0.3-cm diameter and 1-cm length. The machined
cylinders were then sliced up into 10~to-12-mils-thick discs using a low
speed diamond saw. The discs were then chemically thinned down to 4-to-
S mils thickness with KBI solution. This thickness was further reduced
to about 3 to 4 mils by a very gentle, low stress, lapping operation
using a suspension of fine (0.3 micron) A1203 powder. The lapping
operation was designed to introduce minimal surface damage while
assuring the production of a reasonably well-polished surface from the

matte finish that resulted after immersion in KBI solution.

For electron microscopic observation it was important to reduce
the thickness considerably more than was achieved by the steps outlined
above. Further thinning was accomplished using a commercial Fichione
jet electrolytic polishing unit. The electrolyte impacted the flat
surfaces of the discs on both sides, roughly a circular area 2mm in
diameter, until such time that a hole was punctured through the
specimen. At this point the unit shut off automatically through a
photoelectric cell sensing a beam shining through the punctured hole.
The electrolyte consisted of a mixture of 150 gms chromium trioxide,
750 ml acetic acid, and 30 ml of distilled water. Mixing was

accomplished by heating the mixture to about 65°C for 1 hour to allow

the chromium trioxide to go into solution. During jet-thinning of the

[ SR}
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samples, the electrolyte was maintained at near-room temperature. The

unit was operated at 50 volts and 25 mamp.

Electron microscopic examination of the as-received material was
done earlier at the Naticnal Bureau of Standards (NBS). This was

(4). Similar examination of the

discussed in the last reporting period
heat-treated material during this work, on the other hand, was performed
at a local facility. This change, however, required some initial
development activity regarding the use of an alternate electrolyte,
other than the perchloric based solution used earlier at NBS. Because
the perchloric solution is quite explosive if not handled with extreme

care, appropriate conditions were investigated and developed for jet-

thinning of beryllium with the chromic-acetic solution described above.

Many of the micro-photographs that were obtained on the several
heat treated samples, at a variety of magnifications, are shown in
Figure 7. The differences indicated between the differently heat-
treated specimens appeared to be primarily related to phase
precipitation and segregation. The following observations were made

from the data that were collected.

(1) As reported earlier for the as-HIPed material(4), these heat-
treated samples also did not show significant BeO
agglomerations. 1In instances where "small particle colonies”
were observed, the particles could not be conclusively

identified as BeC from the diffraction data.

(2) Diffraction data, in general, were hard to obtain. Areas
that contained a fair amount of precipitates either yielded
only a very small number (2 to 3) of diffraction spots (which
could be indexed for Be and BeO) or did not produce any
pattern at all. 1In some cases very diffuse patterns were

obtained.
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Figure 7a. Elcctron micrographs obtained on heat treated
HIP=-50 materials (HT-1).
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Figure 7a. Electron micrographs obtained on heat treated
HIP-50 materials (HT-1) (Continued).
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Figure 7b. Electron micrographs obtained on hcat treated
HIP-50 materials (HT-2).
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Figure 7b.

0.48 Um—*J
Electron micrographs obtained on heat treated
HIP-50 materials (HT-2) (Continued).
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Figure 7¢. Electron micrographs obtained on heat trecated
I
HIP-50 materials {(HT-3). i

27 {




»

.!'

o
kY

R
1/81 CD22

490
1 um

Figure 7c.

Yy
.

Electron micrographs obtained on heat treated
HIP-50 materials (HT=-3) (Continued).
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3)

(4)

The effect of heat treatment HT1 was to produce a very slight
precipitation mainly at the grain boundaries. A few
boundaries also appeared reasonably ~lear of precipitates,
Host of the 4rain interiors also appeared fairly preciprtatoe-
free. This may indicate why nc apparent change was observed
in the strain hardening mechanism (as indicated by the strain
exponent) ia the material from this treatment. Since strain
hardening is a bulk (grain interior) effect, one can expect
very little change in the strain exponent if there is no
appreciable change in the microstructure. The increased
amount of strengthening (over the as-HIPed state), as observed
at the 1076 and higher strain levels, may have actually
resulted from additional strengthening of the grain boundary

regions by the newly formed precipitates.

Precipitation was found to have occurred more extensively 1in
the HT2 heat-treated specimen as compared to the other
materials, Unlike the other samples, however, this one showed
substantial precipitation at the boundaries as well as in the
grain interiors. An overall preference for the grain boundary
regions was, nevertheless, indicated. (These observations
were somewhat unexpected in that very little precipitation was
intuitively expected from a 370°C exposure following a high
temperature solution treatment at 1055°C.) The reasonably
large amount of precipitation within the grains might have
been responsible for the reduced level of strain hardening (as
indicated by the strain exponent) in this material. The
highest value calculated for o (10—1 ) in this instance and
the indicated differences in removal rates for the boundary
versus the interior regions, however, cannot be explained on
the basis of these observations. It was noted that no
apparent change in grain size resulted from this heat

treatment.

29




(5) A larger amount of grain boundary precipitation (more so than
was found for the HT1 sample) was found in the sample
subjected to the HT3 treatment. As with the HT1 sample, the
grain interiors of the HT3 sample also appeared relatively
clear of precipitates, therefore accounting for the retention
of a high value of the strain exponent. It was, however, not
clear from these studies as to why the measured strain
exponent value for the 4T3 sample was higher than those

measured for the as-HIPed and HT1 heat-treated conditions.

4.5 Microcreep Analytical Studies

4.5.1 Review of Past Activities

The purpose of the analytical studies nas been to apply the creep
laws to gyro design, to try and give direction to the microcreep
experiments from a de:-ign viewpoint, and to support the experimental

activities with finite element analysis,

Previous reports have shown that aralysis of 1instrument trends
due to microcreep, using available finite element codes, is feasible.
However, unless the creep characteristics of beryllium and other
instrument materials 1is understood, this conclusion will be suspect. To

date, sufficient data and understanding have not been attained.

Initially, inertial instruments were desianed using the
microyleld strength of beryllium as a desiuyn limit. Experiments over
rhe past 10 to 15 years on test specimens have shown microcreep to occur
at stress levels far below the microyield strength. This has resulted
In a question nf what values to use as desiqn limits, especially for
furure generations of 1nertial i1nstruments. A'*though vnowledage ~ft
microcreep 1s still vague, the ability to accurately ~ompute elastic and
plastic stresses has grown enormously 1in the pas*® 10 +n 18 waars,  Thig

Jrowth has occurred due * -~ the ~ontinual mprovement ~f -omputers arnd




r.....l===; . - e T — -

numerical methods (i.e. finite element method). Therefore, accurate
knowledge of the constitutive equations of materials such as beryllium
conld lead to the veryv accurate design predirntions and design

Lmprovements.

4.5.2 Analysis of Test Specimens

In support of the design of a tension microcreep experiment at
CSDL, analysis of stress distributions within test specimens has been

performed.

4.5.2.1 Test Specimen Description and Model

Since the capacitance probe measurement technique was selected }
for measuring creep movement, a method nf attaching them to the specimen
must be selected. A test specimen using axisymmetric ribs was initially
proposed, as shown in Figure 8. An axisymmetric model of half of the 'i
specimen using 8-node quadratic bricks was constructed. This mode!l
consisted of 69 elements and 250 nodes as shown 1n Figure 9. The area
under the rib was modeled in finer deta:l than the simple cirrular 1

sections away from the rib.

4.5.2.2 Analys:is - Axisymmetric Design

The loading condition was applied as a uniform negative pressure

along the surface of the five last elements in the »ne Jdirection.

Symmetry conditions were applied at the mid-plane. A nominal load o1
100 pounds was applied to the specimen. A ~ontour plot ~f the Mises
stresses 1s shown 1n Figure 10. 1t 1s observed that there are two areas
nf digsturbance., The first 1s prnduced hy the end arips and t'e second
by the support ribs for the capicitance plates, Since the end araip 1
disturbance dies nut bhefore the *est gerction, 1t 18 of 1o F~onsequence,

However, the suppor*inag ribs for *he capacitnr plates 1o 1nfluence *he
stress field in the test section. An enlaraement of the stress contoars

in this area 1s shown 1n Fimqire 11, It 1s hiserved that the stress

N
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levels decrease as they approach the rib, reach a minimum before the
center of the rib, increase to a peak at the center of the rib, and then
decrease and increase symmetrically on the other side. A plot showing

the elastic displacement of the test specimen is shown in Figure 12.

Tn order to bhetter ohserve the axial variation of the stress
fields, the axial stress {(one direction) at the gaussian integration
points of the elements at a fixed radial distance were plotted versus
axial distance. 3ince only the disturbance produced by the capacitor
ribs are of interest, the plots originate .4 inches before the center of
the rib which occurs at 1.0 inch. Figures 13, 14 and 15 show these
plots starting at a radius of ,007 inches. Figure 13 shows the axial
variation at radii of ,007, .030 and .053 inches. Figure 14 repeats the
.053-inch radius and also plots .066 inch. Fiqure 15 shows plots at
radii of .006, .089 and .112 inches. The first four points have similar
trends reaching minimum and maximum at the sams points. The last two
radial locations start to deviate since they are appronaching the region
directly under the capacitor rib, Only every third data point is
plotted to avoid confusion, and points are linearly connected. It is of
interest to note that the disturbance propagates more than half the
distance to the specimen's midplane although the level of disturbance is

almost always less that 5 percent.

In order to verify the numerical accuracy of this solution the
grid size was halved everywhere except in the rib itself where the
slements are of the same dimensional size as the new clements in this
refined gqrid.s The refined model is shown in Figqure 16. Figures 17 and
18 give contour plots of Mises stresses in the specimen comparabhle to
Figures 10 and 11. Although the contour levels plotted are different,
inspection of the results shows excellent agreement bhetween the original

and refined mesh.
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AXIAL STRESS (PS1)
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Figure 13. Axial stress plot, axisymmetric model, core.
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4.5.243 Analysis - Modified Design

arder r o el ST Yo e e

sl was proposed wor o woul b i Lrt e g g ey nlase e e
three equally-spaced luas rather than a “all circumferenvtial rit,

layout of this design 1s shown in Figure 19. 1In orier to analyze the
stress distribution within the specimen a three-dimensional model 1s now
required. However, since symmetry occurs every 60° the model was
limited to a 60° segment with symmetry boundary conditions at the 0° and
60° plane. A 121-element, 608-node model consisting of 20~node bricks
was constructed as shown in Figure 13. The grip portion was not
considered since it was shown previously not to affect the test

section. Uniform tensile loading was considered with symmetry applied

at the mid-plane and also at the 0° and 60° planes as discussed above.

Axial contour plots of Mises stresses at location 5°, 15° and 50°
away from the center of the lug are shown in Figures 21, 22 and 23. The
contours for the 5° plot which cuts through the lug are similar to those
produced by the axisymmetric model. At 15° (Figure 22), just outside
the lug, the disturbance is greatly reduced. In the 50° section, as
seen in Figure 23, the disturbances are less than 1 percent. A
circumferential contour plot taken through the cross section is shown 1in
Fiqure 24. The rapid decrease in disturbances away from the lug support
is again apparent. Figures 25 to 33 plot axial stress vs. axial
distance at the same radial locations plotted for the axisymmetric
specimens (Figures 13-15). Figures 25-27 show plots 5° away from the
lug center, Figures 28-30 show plots 15° away, and Figures 31-33 show

plots 50° away. The plots 5° away show stress variations less than

axisymmetric results except for the peak values that occur for the plots
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Figure 31. Axial stress plot at 50 degrees, core.




X DIST & R=.007 * RO, 0a0 I S oD
O K-.089 + R=. 112

1212.C0

R A S R S S + t + oo M t ot '

4S

1005.

o

<

932

932.35
2

385,82

+

4

979.27
~

AXIAL STRESS (PSI)
.73

986.:8

—

959.54

—
+

953.09

€

& + + ¢ 14 # + + + + 4 + ‘ 4- 4 ‘ 4 ‘
b6 0.6/ Lo n.47 1o1e 1.22 1oy [ 1.2 oA

DISTANCE (IN)

2/81CD22632

Flgure 32, Axial stress plot at 50 degrees, mid-radias,

i




AXIAL STRESS (PSH)

x DIST
0O R-.089

1005.4S 1012.0C

998.9!

992. 3¢

+

985.82

229.27

-+
+

366.18 372.73

959,64

—+
ey

953.09

4

946.55

"
—

940.00

- $—
5

2 Q.67

2/81CD22633

Fimire 33,

B SEREI SRR S SR S T . +

0.82 0.97 112 Pt
DISTANCE (IN)

Axial stress nint At 50 deqgrees,

50

onter shell,

[ T G S G,

e e e e ———




At radial iocation 9.112 and (1,089, However, these values are grill
within 1.2 percent ot rhe nomingal value for any ¢ rm erregs, Tre nlorg

PR RSN Yoo PRI J A L R TR SN N LT R R P SR
gl Yo Cyeier, RRTSY .',\v\l'ig\.f"l‘\v‘ taam Ty e Sy e s .y Cor ey
fOr o tn1ls ryne ot fesin 1S o very similar rto trine axisvmmerric desoan
di1rectly 1n the lug area, but mucin more unitform almost 1mmediately awav
trom i1t.

As an additional i1ndication of the improvement of tnis desian
over the axisymmetric design, the axial displacement at the center of
the lug for both des:jns are compared against the theoretical result for
a perfectly cylindrical specimen with a 100-pound load. The results are

+abulated 1n Table III.

Table III. Comparison of axial Aisplacement at the center of support

for two specimen designs.

-
: Specimen Design Displacement }
4 (inches) Percent Error '~
Perfect cylinder 1.1353 -
Axisymmetric rib 1.1266 0.77
Lugged specimen J 1.1336 : 0.15 ‘

The improvement obtained through use of the lugged specimen

design is more than a factor of five.

4.5.2.4 Effect of Capacitor Plate Assembly Weight

Each of the lugs will support approximately 1/3 of the weight of
the capacitor plate assembly. Although the exact weight is not known at

this time, one pound was assumed for purposes of analysis. This 15 a

reasonable estimation of the weight for the heavier of the two
assemblies, and stresses may be scaled linearly when more exact

information becomes known. Based on this assumption an axial load of

.333 1lbs. was applied at the center of the lug in the axial direction. '




Figure 34 shows contours of Mises stresses through the lug section.

Peak stresses occur under the point load applied at the center. These
mav be simulatinag Hertzian contact stresses under roints 2f io+tnal
contact between the lug and the clamp. However, they should e orono
concern because any creep produced by high values will disappear as +the
contact area enlarges. Of greater concern are the stresses created near
the lug=-cylinder interface. From Figure 34 these produce peak values of
366 1lb/in2, This stress is judged to be small enough not to create
detectable microcreep movement, but efforts will nevertheless be made to

reduce the weight of the capacitor plate assembly below 1 pound total.
4.5.3 Conclusions

(1) We have demonstrated in this study the limitations inherent
in using the conventionally defined microyield strength as
an indication of long-term microcreep behavior in as-
received and thermally treated HIP-50 beryllium. A more
correct interpretation of material response to applied
stresses, in the low strain regime, requires due
consideration of the strain exponent (obtained as the slope
of the straight line generated by plotting the microyield
data on logarithmic coordinates) in addition to the
calculated intercept of this straight line with the vertical
axis at a given, very low, value of residual strain (say
10-10), We have interpreted this calculated value as
indicative of an intrinsic strength of the material and the
strain exponent as a measure of the processes of strain
hardening occurring in the material. The validity of such
an interpretation, however, depends on the assumption that
the linear relationship observed in the 107® strain reqgime
remains unchanged for even lower strain values (at least

down to the selected 10~ '0 strain).
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(2) Optical microscopic examination of the as-HIP and the
thermally treated materials failed to show significant,
nbhservable changes in microstructuare that conld be relared

to the measured variations in micromecnranical prorert:ies,

It was, however, determined that extreme care needs to he
exercised in the preparation of samples from these materials
in order to avoid the introduction of mechanical damag. into
the samples from improper sectioning and grinding
procedures. This damage appeared as twins suggestive of . i
stress relief at the mechanically polished surface in some ;

ot the samples.

{3) E.ectron microscopic observation of suitably prepared foil
samples provided substantially more insight into changes in
sample microstructure that resulted from the heat treatments
employed. The observed changes were mostly related to phase $
precipitation and segregation. In most instances these
precipitates were very fine and could not be identified
using the electron diffraction technique. Some, but not
all, of the changes observed in micromechanical behavior of
this material (from the selected thermal treatments) could .
be explained on the basis of these electron microscopic
observations. The foil samples were successfully prepared
using the jet-polishing technique with a chromic-acetic

solution as the electrolyte.

(4) Finite element analysis in this report has shown that creep
test specimens with lugs to support the measurement
fixturing will have markedly improved stress field

uniformity compared to the conventional designs using

axisymmetrical supports.




SECTICON 5

RECOUMMENDATIONS FUR FUTUKE WOKK

To develop greater understanding of micromechanical processes,

the following need to be investigated.

(1) Correlation of microcreep behavior with microyield and

macroyield behavior.

(2) Correspondence between microcreep behaviors measured in

tension and compression.
(3) Microstructure aependence of microcreep. '

(4) Examination of candidate materials, other than HIP-50

beryllium.

(5) Extended finite element modelling studies with new data.
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